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INTRODUCTION. 
The main objective of this st�dy was to consider the problem of 
w�ether or not information about intermolecular interactions can be 
obtained from the examination of macroscopic properties· of various 
. systems. 
In this study it was chosen to investigate the intermolecular 
. , 
interactions of a liquid-liquid system. The liquid-liquid system, 
dioxane-water, was selected for two reasons. 
First, a considerable amount of work has been d6rie on this par­
ticular system so there is a large body of information with which to 
work and with which correlations can be made. 
Secondly, there is a large discrepancy among the interpreta­
tions of th� results of experimental work done on the system, espe­
cially as to the molecular "complexes" formed between dioxane and 
water. There have been a number of studies performed where consider­
able disagreement on interpretation of results occurs for measurement 
of the very same quantities. In Table 1 are tabulated the results of 
the various studie� on the dioxane-water system. Each.dioxane-water 
molecular ratio reported is followed by a· number or numbers corre.­
sponding to the particular parameter for which that molecu·lar ratio 
was reported. 
The experimental work discussed in this paper consists mainly 
of a more extensive examination of the surface tension property than 
has previously been ·done, as well as an infrared study of the dioxane­
water system. 
Table 1 Dioxane-Water Ratios Reported and Methods Used ·for· 
Measurement 
2 
Molecular Ratio 
(Dioxane:Water) 
Mole Fraction 
of Dioxane 
Method (s).of _ 
Measurement 
2:1 
1:1 
1-:2 
1:3 
1:4 
1:5 
1:6 
0. 667 
0. 50 
0. 333 
0.25 
0.20 
0. 167 
0.143 
Key to methods �f measurement in Table 1: 
1 
1,2,3 
2,4,5,6,7,$ 
5,7,8 
2,5,6,9 
10,11,12 
9 11 13 
1 - infrared spectroscopy, 2 - temperature coefficient of molar 
refraction, 3 - boundary layer potential, 4 - electrical con­
ductance, 5 - density, 6 - viscosity, 7 - refractive index, 8 -
· molar refraction, 9 - heat of mixing, 10 - fluidity, 11 - light 
scattering, 12 - electrical anisotropy, 13 - ultrasonic v�locity. 
In this study, then, an attempt has been made to correlate the 
results of previous studies with the results of �his study. Correla­
tions with previous studies were indeed difficult and no immediate 
definite conclusion can be made as to correlations between preyious 
results from Table 1 and the maximum at mole fraction dioxane 0.20 i� 
a plot of surface �ension versus composition made from the data of 
this study. The fact that the structure of a liquid-liquid system is 
so complex, coupled with the large deviation of liquid structure with 
experimental variables, makes the value of the results tabulated in 
Table 1 hard to assess because of the wide range of variables for 
which the various studies were made. 
It was found in this study, however, that the previously men­
tioned maximum in surface tension versus composition at mole fraction 
dioxane 0. 20 did occur. 
Additionally, a minimum in surface tension veisus composition 
of dioxane-water mixtures oc�urred at mole fraction dioxane 0. 99. 
3 
This minimum is believed to be a valid example of the Jones-Ray effect, 
an effect previously obser�ed only in solutions of an elect�olyte in 
water, whereas now one is dealing with a solution. of a non-electrolyte 
(water) in a non-�fectrolyte (dioxane). 
Finally, it was shown that there is a good possibility of 
strong interaction between dioxane molecules, an idea previously re­
jected because of the apparent inability of the dioxane hydrogen atoms 
to participate in dipole type interactions. 
4 
HISTORICAL 
Dioxane-Water Interaction 
The first extensive study of the dioxane-water system which· 
mentions :the formation of an interaction "complex" between dioxane and 
water was made by Geddes (1) in 1933. Geddes plotted th� fluidity·ver­
sus composition of,dioxane-water mixtures and found a minimum in this 
p'lot at about 49.9 per cent by weight of water, which corresponds to a 
dioxane-water molecular ratio of 1:5. Geddes's interpretation of the 
results differ, however, from most workers; for by calculating the 
additive fluidities of his dioxane-water mixtures, Geddes estimates 
that, oniy 5.4 per cent by volume of the 49.9 per cent by weight mix­
ture consists of water and dioxane associated in the 1:5 molecular 
iatio. Geddes notes that this figure of 5.4 per cent may be appreci­
ably in error. It may be worthwhile to note that in the vicinity of 
Geddes's minimum even a small amount of error could hide a minimum 
that might correctly occur at a dioxane-water molecular ratio of 1:4' 
or 1:6. The statement in the previous sentence be�omes ·clearer if one 
considers the dioxane-water molecular ratios in terms of mole fraction 
dioxane. A molecular ratio of 1:4 corresponds to mole fraction 
dioxane 0.20, 1:5 corresponds to 0.167, and 1:6 corresponds to 0.143. 
All too frequently -when a study of a liquid-liquid system, such as 
dioxane-water, is made, not enough different concentrations are studied 
in this critical range, a�d an inaccurate graph is plotted on insuffi­
cient data. 
5 
No further work appears to have been done on the dioxane-water 
system until 1954 when N. N. Feodos'ev (2) measured heats of mixing of 
various dioxane-water mixtures and found a maximum in the heat of 
mixing versus composition plot corresponding to the dioxane-water 
ratio of 1:4. In addition, he found a minimum occurring at a dioxane­
water ratio of 4:1. Feodos'ev remarks that the maximum in heat of· 
mixing versus composition plot for dioxane-water mixtures is related 
in all probability to the interaction of the dioxane and water, re­
sulting in a "complex" of low thermal stability. This low thermal 
stability becomes important in the study of surface tension, ·a? will 
be covered in the Results section of this paper. In addition, Feo­
dos'ev assumed that the negative portion of the curve in the heats of 
mixing versus composition plot resulted from the decomposition of the 
highly associated water molecules when they were diluted with dioxane. 
Feodos'ev predicted a dioxane-water association "complex" where two 
water molecules are attached to each of the two dioxane oxygen atoms 
through hydrogen bonding. 
Goates and Sullivan (3) investigated the dioxane-water system 
using the same approach as Feodos'ev, that is, the heats of mixing. 
Goates and Sullivan found a minimum in the heats of mixing_versus com­
position plot at nearly the same point as Feodos'ev did. This minimum 
occurred at a dioxane mole fraction of approximately 0. 80. The max­
imum in the heats of mixing versus composition plot which Goates and 
Sullivan observed, however, was at mole fraction 0.143, which 
6 
' .  
corresponds to a 1:6 dioxane-water ratio, . as against the 1:4 ratio ob-
served by Feodos'ev. Of the two studies, Goates and Sullivan's stands 
the better chance of b�ing correct, ·since they made more determ ina­
tions of heats of mixing on mixtures between mole fraction dioxane 
0.10 and 0.20, the critical range for dioxane-water mixtures. The val- · 
ues of heats of mi�ing determined in the two studies agree quite 
closely in the mol� fraction dioxane 1. 0-0. 60 region, but are blessed 
·with very little c:3greement elsewhere in the range. of possible mixture 
composition. For example, Goates and Sullivan report. the heat of mix­
ing of 0.2074 mole fraction dioxane as 129. 5 cal./mole at 25° C., 
whereas Feodos'ev reports a value of 121.4 cal./rnole at 0.20 mole frac­
tion dioxane. With such deviation in the values of heats of mixing in 
the region where little error is allowable, it is difficult to say 
which of the two works is correct • .  Initially, it would appear that 
Goates and Sullivan, with a larger number of determinations· in the 
0.10-0.20 range, have the advantage of completeness. 
In 1955 V. P. Frontas'ev (4) measured the refractive index of· 
dioxane-water mixtDres, calculated the molar refraction from these 
measurements, and plotted molar refraction versus composition of the 
mixtures. This res_ulted in a proliferation of "complexes"� namely 
dioxane-water in the following molecutar ratios: 1:1, 1:2, and 1:4. 
Schott (5) i� 1961 made essentially the same type of study, ex­
cept that he plotted the difference between the additive molar refrac­
tion and his measured molar r�fraction as a function of the 
composition. This plot showed a minimum at a dioxane mole fraction 
between 0.29 and 0.30. 
. . 
Since the dioxane-water ratio 1:2 occurs at 
7 
mole fraction dioxane 0.333, and the dioxane-water ratio 1:3 occurs at 
mole fraction dioxane 0.25, Schott a�tributed his minimum at 0.29-0.30 
as possibly being due to the formation of intermolecular complexes 
with di�x�ne-water ratios predominantly being 1:2 or 1:3. Although 
Schott did not find abnormal behavior in the mole fraction dioxane 
0.15-0.20 region, as had Feodos'ev and Goates and Sullivan, he did · ob-
serve the same_ abnormal behavior in the region of the dioxane-water 
ratio of 4:1 as Feodos'ev and Goates and Sullivan. 
In 1956 Wolf and Bischoff (6) measured the electroosmotic rise 
of dioxane-water mixtures as a function of composition and found a 
maximum·corresponding to the dioxane-water ratio of 1:1. They sub­
stantiated their work by measuring zeta potentials of the same dioxane­
water mixtures, that is, mixtures of the same composition, and 
obtajned a maximum somewhere in the range of composition corresponding 
to the dioxane-water ratio 1:1. Wolf and Bischoff also plotted the 
molar free surface energy of the mixtures and found an abnormality oc­
curring at a dioxane mole fraction of 0.90, but mention 'that this ab­
normality cannot be recognized as being as important as the abnormality 
at mole fraction dioxane 0.5. 
Kanamaru (7) in 1938 also measured the zeta potential of 
dioxane-water mixtures; but, as Wolf and Bischoff noted, he ob�erved 
no maximum at all. This, explained Wolf and Bischoff, was because Ka­
namaru started his range of mixtures at a point which already corre­
sponded to a molecular ratio of 1: 1.· Starting at a point which 
already is a maximum hides the fact that the point itself is indeed a 
maximum. 
8 
Kanamaru's error in not coverfng the entire range of mixtures 
is one of the more common pitfalls in physico-chemical analysis. For 
example, in the work of this author, if a sample had not been analyzed 
for surface tension at mole fraction dioxane 0.19 in addition to 0.-20, 
the abnormal behav�or of surface tension in the mole fraction dioxane 
range 0. 15-0.20 would probably have escaped detection. 
In 1958 Tsypin and Trifonov (B) plotted isotherms of density at 
25° C., viscosity at 10° C. and 25° C., molal volumes, and temperature 
coefficients of viscosity as a function of composition and observed be­
havior which led them to believe that complexes with the dioxane-water 
ratios 1:2 and 1:4 were formed. 
In 1959 Trifonov and Tsypin (9) followed up their previous 
study of density, viscosity, molal volumes, and temperature coeffi­
cients of viscosity of dioxane-water mixtures with a study of the elec­
tric conductance of the system. Basing their opinion on their electric 
conductance resvlts, they claimed that they had proved the formation of 
only one compound of dioxane,with water, that compound corresponding to 
the dioxane-water ratio of 1:2. The word "proved" in the abstract of 
their work may have been merely a result of 'improper ·translation on the 
part of the abstrac�or; but, assuming that this was the proper transla­
tion, it must be regarded as a rather strong statement· to make. 
An interesting example of two groups working on the same type 
9 
of property of dioxane-water mixtures and obtaining drastically dif­
ferent results is found in ultrasonic velocity·measurements. In 1948 
C. J. Burton (10) used the Debye-Sears method of measurement of ultra-· 
sonic velocity and found no abnormality in a plot of ultrasonic veloc­
ity versus. composition of dioxane-water mixtures. In 1965, however, 
Subrahmanyam and Raghynath (11) studied ultrasonic velocity as a func­
tion of composition of dioxane-water mixtures using a variable path 
interferometer to .measure ultrasonic· velocity. Instead of ·finding no 
maximum in the plot as Burton did, they found a maximum ·at a mole frac­
tion dioxane corresponding to the dioxane-water ratio 1:6. 
In 1961 Tourky, Rizk, and Girgis (12) found that the electric 
anisotropy of water in dioxane tended towards that of water at concen­
trations above 83 mole percent water (that is, mole fraction dioxane 
0. 17). Tourky, et al. , calculated the electrical anisotropy of water 
in dioxane by the Raman�Krishnan equation and found that the electri­
cal anisotropy first decreases rapidly with increase of water concen­
tration up to 60 mole perc�nt water, and then slowly tends to approach 
the value of the electrical anisotropy of pure water once 83 mole per­
cent water is reached. Tourky, et al. , noted that 60 mole percent 
water corresponds to a dioxane-water ratio of 4:6. The significance 
of such a ratio is not readily identifiable, except for the fact that 
three water molecules must be shared in some way between two dioxane 
molecules. The abnormal behavior of interest in the measurement of · 
electrical anisotropy seems to. be at 83 mole percent water rather than 
at 60 mole percent water, the ·former corresponding to a dioxane-water 
10. 
ratio of 1:5 and the latter to a dioxane-water ratio of 4:6 (2:3 lin 
terms of smallest whole number ratios). The reason for mdre interest 
in the 1:5 ratio. is the more-pronounced inflection point in the elec-. . . . I 
trical anisotropy versus composition plot at the l:5
1
lr,�io than at the. 
I : I 4:6 �atio. 
In 1961 Gitse (13) determined the scattering of light in the 
dioxpne-water system. His work suffered somewhat from the lack of an 
adequate number of determinations in the mole fraction dioxane region 
I 
' I I 
0. 101 to 0. 20. However, he did report that the light sc�ttering pa�sed' 
I 
through a minimum somewhere between mole fraction dioxane 0. 10 and 
0. 20. This
1 
behavior, Gitse noted, was in agreement with the l minimum in 
excess heat of mixing at mole fraction dioxane 0. 143 as reported by. 
Goates and Sullivan (3). Again, it must be mentioned th�t Gitse shoutd 
I 
have made light scattering determinations on a larger number of 
samples. He did make determinations at mole fraction dioxane 0. 0, 
I 
0. 128, 0. 285, 0. 385, 0. 537, 0. 605, and 1. 0. The danger of this inade-, 
quacy of coverage of the range of concentrations is seen when one 
notes that 0. 143 corresponds to the dioxane-water ratio 1:6, 0. 167 to 
the ratio 1:5, 0. 20 to the ratio 1:4, and 0.25 to the ratio 1:3. All 
I 
of th�se molecular ratios occur in the range of Gitse's second and 
I 
third samples, 0. 128 to 0. 285. Any minimum or maximum 1 1corresponding 
;I I I I to one or more of the molecular ratios in the 0. 128 �o 0. 285 mole 
fraction-dioxane range would have escaped detection. 
In 1965 Yukhnevich, Karyakin, and Petrov .(i4) calculated }n­
frared spectra for solutions of various organic solvents in water. In 
I ' 
. I 
I -
I • 
I • 
11 
their treatment they used a system of modeling in which the following 
assumptions were made: (a) sufficient dilution where dimers are !ab­
sent, (b) equal perturbation.of the water molecule by the lone pairs 
of electrons of the dioxane oxygen atoms, and (c) solvent with no in­
terfering band in the region of the infrared spectrum studied. Their 
. I 
system of modeling led them to believe that the solut�on cou111 be re-
garded as molecula� complexes of one water molecule �ith one or two 
molecules of the solvent. According to Yukhnevich, et al. ,, the exper.-
imental, infrared spectra confirmed their calculated spectra . 
I 
Since 
tp� abstract did not go into detail as to which molecular ratio to ex­
pect with e
�
ch system, no more can be said about the �o�edular ratio 
1
a
· 
in the dioxane-water system other than the system can be regarded as 
molebular complex of one water molecule with one or two molecules of 
dioxane. 
Many other infra�ed studies of the dioxane-water system have 
I 
been performed (15, 16, 17, 18, 1�, 20, 21). None of these studies, 
I I 
however, venture to predict in what ratio dioxane and water interact. · 
There is one spectroscopic study of particular appeal to the 
author, however. Simon and Feher (22) in 1936 made a Raman spectrum 
st�dy of the dioxane-water system. They expressed the o¢��ion that 
the observed displacement of the Raman spectrum of dioxane by'polar 
I r; 
substances is apparently of electrostatic nature, and not due to for- j 
mation of molecular "complexes". The various dioxane-water associa-
1 
tions cannot really be conside;red "molecular compounds" because it is 
I 
not possible to isolate a solid compound of dioxane and water in any 
11 1· 
12 
part
f 
cular ratio. If one makes a solution of dioxane rnd water. in a ji' I 
particular ratio and then tries to isolate the ·system 1by c�ystalliza-1 
I 
. I 
tion, the entire_process is to no avail because the rati� iri which di-• 
oxane and water existed changes when one changes the temperature in the 
process· of crystallization. . [ 
At this point a summary of the various studies .made on the 
dioxane-water system should be made if any sense or patt�rn �s td be 
JI l 
made of the variance in dioxane-water ratios observed. T:His is per- . 
haps the most difficult part of this study. 
By referring to Table 1, one could make the tentat
1
iv� 1generaliJ-
zatifn that the even number ratios of dioxane and water are reported I 
more often than the odd number ratios of dioxane an� �ater. A second 
I 
abnprmal feature of the data is that molar refraction is a facto} in 
I i all of the possible mixtures from 1:1 to 1:4, but does not appear for 
I 'I I l 
the 1:5 and 1:6 ratios. Perhaps at this point it wou1Jlsuffice !to say 
that no set pattern of ratios is immediately and clearly evi1dent. 
Dioxane-Dioxane Interaction 
The second part of this study involves the structure of pure 
I 
dioxane. It has been established (23, 24) that a di�xJn1 molecule 
, . , , r 
possesses the cyclohexane chair structure. The chair1 puts the two 
j 
pairs of axial hydrogens of dioxane in an arrangement different from ·I 
th�t 1 existing for the equatorial hydrogens (see Figure II). That is, 
the hydrogen at�ms comprising the axial pairs are clos�r to each o}he� 
I 
than are the hydrogen atoms comprising the equatorial pairs. This 
13 
close proximity of hydrogen atoms allows one to entertain the possi­
bility that strong interaction may take place between one of these ax­
ial hydrogen atoms and one of the oxygen atoms of a neighboring dioxane 
molecule. 
Pif(lentel (25) states: "Most commonly the proton in � hydrogen 
bond is donated by a carboxyl, hydroxyl, amine, or amide group. The 
hydrogen from S-H or C-H can take part in.hydrogen bridges, but gener­
·ally such bonds are weaker." 
Evidence in favor of strong interaction involving· C-H hydrogen 
atoms comes from J. Dippy (26). In 1939 Dippy postulated that the ab­
normally high dissociation constant of ortho-toluic acid may be due to 
the limited formation of a hydrogen-type bond as shown in Figure I. 
//0 
C .........._ -
0 
H strong interaction· 
c-H 
H 
Figure I. Postulated strong interaction in ortho-toluic acid. 
· In 1962 Baturin (27) found significant deviation of the dielec­
tric constant of dioxane-water mixtures from the additivity of dielec­
tric constant that one would expect in the case of no interaction 
between dioxane and water. Baturin attributed this deviation to the 
19 9 6 3-6 SOUTH DAKOTA STATE UNIVERSITY LIBRARY 
14 
destruction of the associates of the molecules of dioxane with a rise 
of the water concentration. It should be mentioned here� however, 
that Baturin neglected the possibility that the deviation of the di� 
electric constant from additivity could. also be due to the destruction 
of associates of water molecules. Therefore, the situation here must 
be considered as ambiguous. 
Probably on� of the strongest pieces of evidence for dioxane� 
dioxane interaction is found in the work of Fratiello and Luongo (28)� 
When ,investigating the infrared spectra of dioxane-water·· mixtures, 
they found that the bands at about 2900 cm-1, corresponding to C-H 
stretching and bending, shift to higher frequency when the water con­
centration is increased. This would imply that the C-H bond is 
strengthened upon addition of water. This is reasonable if one con­
siders dimerization or polymerization of dioxane thro�gh one of the C-H 
groups of one dioxane and the oxygen of another dioxane. Addition of 
water breaks up this dioxane-dioxane interaction and in the process 
1 
strengthens the C-H bond, which in turn increases the _C-H frequency.·· 
Cyclohexane �s similar to dioxane in that -an indi�idual mole­
cule of each_ has the same six-membered ring chair shape. In addition, 
cyclohexane ha� a molecular weight of 84.16, whereas dioxahe has a 
molecular weight of 88. 10. The major difference, then, in the two 
molecules is that cyclohexane does not have the two oxygen atoms lo­
cated across from each other on the six-membe�ed ring. A point to re­
member is that each of the oxygen atoms in dioxane has a high local 
dipole moment, whereas the dipole moment for the entire dioxane 
Figure II Hypothesized strong intermolecular interaction 
between dioxane molecules. 
15 
I , 
I. 
1� 
molecule is essentially zero. Due to the same basic chair struc�ure 
for �oth cyclohexane and dioxane, one would gu�ss th�t any,differences 
in physical properties between the two compounds would be a r�sult of 
the oxygen atoms on dioxane in place of the carbon ato�� pn cyclohex­
ane. Table 2 shows a comparison of the physical properties of dioxane 
and cyclohexane, especially those physical propertie� likely to be aJ­
feyted by strong interaction. 
I 
Table 2. A comparison of the Physical Properties:of Dioxane 
and Cyclohexane 
Value for Va�ue for 
ProQerty Dioxane Cyclohexane 
Molecular Weight (29) 88.10 $4.16 
Surface Tension (29) 33.8 (20°) 25.3 ( 20Q) 
( dynes/ cm.) 
Viscosity tl, 29) 1.3076 (20°) 1.02 (170) 
( centipoi ses) 
Boiling Point (29, 30, 29) 10 1.5 80 . 7 5 ' 8 11 . 4 
( degrees G. ) 
Molar Volume'(31) 86 (25° ) 109 (25°) 
(milliliters) 
Energy of Vaporization (31) 9.8 7.30 
�kcal.imolel 
j 
Goates and Sullivan (3), in the introduction to their paper on 
the thermodynamic properties of the system dioxane-water, �ake the 
fol�owing statement: "The difference in size and shapJ of ·the water 
and para-dioxane molecules, and the ability of dioxane to hy�rogen bond 
I I 
to water and not to itself, however, provide opportunity for interest-
ing molecular interactions in the system water-para-dioxanJ". This 
statement was not footnoted by Goates and Sullivan so one cannot trace 
the reason'for their statement. It must be stressed at this point 
I 
I . 
that dioxane-dioxane interaction is not expecteq to be as strong an 
I I 
interaction as hydrogen bonding, but is possibly stro�g en�ugh that 
its presence should be recognized. I I 
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Fratiello and Douglass (32) in their riuclear magnetic resonance 
[ 
study of the dioxane-water system theorize the possibility bf a C-H 
i 
hydrogen atom taking part in an interaction when they state: "The 
mere presence of the more electronegative oxygen nuclei [n the r�ng 
It i 
(of dioxane) may �ndow the protons with enough iornic charfcter to per� 
I 
mit weak interactions with water molecules." 
�-
I 
I 
I I I 
1' 
. I 
EXPERIMENTAL 
Purification and Preparation of Materials. 
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The pure water and pure dioxane used in this studr were pre­
pared in the following manner. Water which might' have accumulated in 
the dioxane since its manufacture was partially ,removed by the addi­
tion of potassium hydroxide pellets to the stock bottle of diox�ne. 
The dioxane was allowed to stand in contact with the potassium hydrox­
ide pellets for several days. Then the dioxane was refluxed over po­
tassium hydroxide pellets and fractionally distilled with a reflux 
rate on the order of 20:1, that is, 20 drops refluxed for every one 
drop of dioxane distilled over into the receiver. Only that distillat� 
which distilled in the temperature range 101.1-10 1.3° C. was kept, all 
other fractions being discarded. A significant amount of distillate, 
assumed to be an azeotrope of dioxane and water, distilled over at 
about 85° C. 
The collected distillate was immediately filtered through an 
adsorption column filled with five or six inches of activated alumina 
so· that any remaining water might be adsorbed by the alumina and 
thereby removed from the dioxane. 
Water, then, was removed in four different steps: (a) storage 
of dioxane over potassium hydroxide pellets, (b) refluxing' dioxane 
over potassium hydroxide, (c) fractional distillation of dioxane, and 
(d) passage of dioxane through activated alumina. In addition, para­
benzlamino phenol, which is sometimes added to dioxane as a 
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preservative, was removed from the dioxane by fractional distillation. 
Preservation of the dioxane was accomplished by two· means. 
First, all pure dioxane was kept in brown glass bottles to avoid 
chance of any photochemical reaction occurring in the dio_xane. Sec­
ondly, the pure dioxane was kept in a refrigerated room at 5o C. until 
ready for use in order to lower the chances of any thermal decomposi­
tion of the dioxane. 
The purity Qf the dioxane was checked in two ways. First, .its 
freezing point was determined, obtaining a value of 11.68° C. compared 
with a literature value of 11. 7° C. (29). Secondly, the purity was 
further Ghecked by gas chromatography analysis by another worker who 
was worki'ng on an independent project using the same reagents as em.­
ployed in this study. The gas chromatography analysis showed very 
little, _if any, water present in the dioxane. 
Water was purified by fractional distillation of a very dilute 
water solution of potassium permanganate. The potassium permanganate 
was added to destroy any biological life or organic matter in the 
water. The distill�d water was then boiled for 10-15 mi6utes to drive 
out any dissolved carbon dioxide, after which the hot water was fil­
tered through an ordinary paper laboratory filter and stored in a 
S'toppered ,flask. The flask was fitted with a U-tube in which Ascari te 
was placed to prevent absorption of atmospheric carbon dioxide by the 
water. 
Surface Tension Study 
The method used for the determination of surface tension was 
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capillary rise. A Sargent capillary rise apparatus with a liquid res­
ervoir diameter of five centimeters was used to · avoid any appreciable 
capillary rise in. the reservoir itself. Into the reservoir was placed 
a capillary tube with radius on the order of 0.03 centimeter. The 
capillary tube was inserted into a rubber stopper which was fitted 
into the reservoir tube. This allowed th� capillaty tube to ''hang'' in 
the liquid in the reservoir. The entire surface tension apparatus was 
then placed in a water bath which could be controlled to within 
� 0.02° C. of 25° C. Measurement of the height of capillary rise was 
made with a Max Kohl cathetometer of heavy brass construction. The 
difference between the height of the liquid column in the capillary 
tube and'the height of the liquid in the reservoir tube, as measur�d 
by the cathetometer, was taken as the capillary rise. Special care was 
taken t9 avoid taking a reading in the vicinity of the curved neck of 
the reservoir tube. 
The radius of the capillary tube was standardized with a column 
of mercury. The length of a mercury column in the capillary tube was 
measured with the cathetometer, and then the weight of that length of 
mercury was found. From this data plus the density of mercury, the 
r�dius of the capillary was calculated. The radius of the Gapillary 
was determined for a number of different heights of the mercury column 
so that a plot of radius versus length of mercury column could be 
made. 
The dioxane-water mixtures were made up far enough in advance 
of each surface tension determination so that the system could become 
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thoroughly mixed. The mixtures were made up by weights, that is, the 
weights of dioxane and water that would be needed to cover the range 
of mixtures were calculated and then'these weights of each component 
were weighed in a sample bottle. The dioxane was weighe� into the 
sample bottle first and then the necessary amount of water was added. 
The mixtures were then shaken and stored in � cold room until needed. 
The entire range of,mixtures from pure dioxane to pure water was cov­
ered with 45 mixtures whose mole fraction of dioxane corresponded to 
all of the important molecular ratios that have been rep�rted plus 
mixtures at each 0. 05 mole fraction interval except for a gap between 
mole fraction dioxane 0. 75 and 0. 667. 
When it was time for a surface tension determination, the ap­
propriate mixture was placed in the surface tension appar�tus, which 
in turn was placed in the 25° C. water bath and was allowed to come to 
thermal equilibrium. In 'most determinations the time allowed for 
equilibrium was about 30 minutes. 
!he capillary rise as measured by the cathetometer was used to 
calculate the surface tension of the various mixtures by the method 
prescribed by Adamson (33). Referring to the discussion of Adamson on 
the subject of �ontact angle, it was assumed that the conta�t angle for 
dioxane with the wall of the capillary was zero degrees. Since the 
radius of the capillary was previously known, the densities of the 
various dioxane-water mixtures (5) and of air under laboratory condi­
tions ·(29) can be obtained from the literature, and capillary rise is 
experimentally measurable, the following set of equations can be 
applied to calculate surface tension: 
where 6 P  
g 
h 
6P 
= 
= 
= 
pressure difference across 
liquid-air interface. 
acceleration due to gravity. 
capillary rise as measured. 
mixture density min�s air 
density. 
Once P is calculated, the surface tension, ('/), can be· found 
drrectly by applying the following relationship. 
"j= r6P 
2 
where Y = surface tension. 
r - radius of capillary t�be in 
centimeters. 
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Cleanliness of equipment is of utmost importance in surface 
tension work so the surface tension reservoir tube and capillary tube 
were cleaned before each determination with dichromate cleaning .solu­
tion at 70° C. To further insure cleanliness, fresh cleaning solution 
was used each day. 
Beh�vior of dioxane-water mixtures in the mole fraction dioxane 
1. 0-0. 97 range was observed by measurement of the density of each of 
the mixtures in this range . The reason for studying this narrow range 
will become apparent in the Results section of this paper. 
Density measurements were made on dioxane-water mixtures made 
up in the same way as those for surface tension measurements. A pyc­
nometer of 25 milliliter volume was equilibrated at 25° C. in a water 
bath. When equilibrium was attained, the bath temperature was quickly 
lowered in order to reduce the volume of the contents of the pycn�m­
eter. If this pre6aution were not taken, the contents of the pycnom­
eter would expand and overflow while taking the pycnometer from the 
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water bath to the scale for weighing. Density measurements were car­
ried out a number of times before uniformity of ·method was attained. 
Once uniformity of method was · achiev�d, then density values were ac­
cepted as being accurate. The values of density reporte� in this 
study, then, are not the average of all the determinations of density 
made by the author, but rather the average of density values deter­
mined once uniformity of method had been achieved. Density measure­
ments were made only on those mixtures in the mole fraction dioxane 
range 1. 0-0 . 97. 
Infrared Study 
In an attempt to elucidate the structure of pure dioxane, two 
spectroscopic _studies were made. The first of these studies was made 
with a Beckman IR-5 infrared spectrophotometer, and the second with a 
Perkin-Elmer model 521 grating infrared spectrophotometer. Each of 
these studies involved recording the infrared spectra of the various 
dioxane-water mixtures. The Perkin-Elmer instrument was used when it 
was desired to obtain better resolution of peaks in the 'hydrogen bond­
ing region of the infrared spectrum. Neither one of the infrared in­
struments was equipped with a temperature control bath so conditions 
were kept as constant as possible from one spectrum to the next. Con­
stancy of conditions mainly involved equilibrating each of the samples 
to room temperature before its spectrum was determined. 
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RESULTS 
Surface Tension Results 
As mentioned in the experimental section of this p�per, measure­
ment of surface tension was by the capillary rise method. A total of 
45 different concentrations covering the entire range of dioxane-water 
mixtures were investigated. Since the calculations for surface ten­
sion involved a term6p, which is the difference in density between 
the mixture and the air surrounding the apparatus , careful attention 
was paid to the air temperature and the atmospheric pressure. Results 
of the surface tension study at 25° C. of these 45 mixtures is given 
in Table 3. 
The determination of surface tension in each of the trials in 
Table  3 wa s made with a fresh samp l e  of the g iven mixture , that is , 
the same sample was not used twice for consecutive trials. 
In Table 4 the results from the determination of surface tension 
in this study are compared with surface tensions measured at common 
concentrations in a ··study by Hovorka, Schaeffer , and Dreisbach ( 34). 
As can be seen from Table 4 ,  the results for surface tension 
from this study agree reasonably well with the results from Hovorka, 
Schaeffer, and Dreisbach. The comparison is quite sketchy, . but this 
springs from lack of a large number of surface tension determinations 
by Hovorka , et al., making points at which to compare surface tension 
results quite scarce. 
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Table 3. Surface Tension of Dioxane-Water Mixtures as a 
Function of Concentration 
Mole Fraction Surface Tension (Dynes/Cm) 
Dioxane First · Trial Second Trial Average 
1. 00 33. 07 33. 12 33. 10 
0. 99 32. 82 32. 80 32. 81  
0. 98  33. 04 33. 02 33_. 03 
0. 97 33. 05 33. 02 33. 03 
0. 96 33. 14 33 o 06 33. 10 
0. 95 33. 16 33. 13 33 .. 15 
0. 94 33. 17 33. 15 33. 16 
0. 93 33. 18 33. 20 33. 19 
0. 92  33. 22 33. 21  33. 21 
0. 91  33. 33 33. 33 33. 33 
0. 90 33. 43 33. 43 33. 43 
0. 86 33. 61 33. 57 33. 59 
0. 85 33. 71 33. 62 33. 66 
0. 84 33. 71 33. 76 33. 73 
0. 80 33. 84 33. 96 33. 90 
0. 75 34. 00 34 . 10 34. 05 
0. 667 34. 35 34. 17 34. 26 
0. 65 34. 45 34. 44 34. 45 
0. 60 34. 57 34. 58 34.58 
0. 55 34. 90 34. 81  34. 85 
0. 51 35. 20 35. 16 35. 18 
0. 50 35. 40 35. 21 ·35. 31 
0. 49 35. 48 35. 43 35. 45 
0. 45 35. 72 35. 72 35. 72 
0. 40 36. 04 36. 13 36. 09 
0.35 36. 49 · 36. 52 36.51 
0. 333 36. 72 36. 72 36. 72 
0. 3175 36. 76 36. 98  36. 87 
0. 30 37 . 05 37. 26 37 . 16 
0. 26 38. 02 38. 05 38. 04 
0. 25 38. 42 38. 36 38. 39 
0. 24 38. 56 38. 60 38. 58 
0. 21 39. 46 39. 52 -39. 49 
0. 20 40. 33 40. 31 40. 32 
0. 19 40. 74 40. 73 40. 74 
0 . 18 · 41. 02 41. 06 41. 04 
0. 17 40. 99 40. 99 
0 . 1529 41. 96 41. 85 41. 9 1  
0. 143 42. 73 42. 53 42. 63 
0. 10 45. 69 45. 78 45. 74 
0. 07 48. 68 48. 9 1  48. 80 
0. 05 51. 35 5 1. 31 51. 33 
0. 02 58. 57 58. 41 58. 49 
0. 0 1  62. 74 62. 78 62. 76 
0 . 00 71. 9 1  71. 62 71. 77 
Table 4. Comparison of Surface Tension Results from this Study 
with the Results of Hovorka , ·Schaeffer , and Dreisbach (34) 
Mole Fraction Dioxane 
1 . 00 
0. 19 
0. 10 
Surfa�e Tension (Dynes/Cm. ), 250 
This Study Hovorka and Co-Workers 
33. 10 
40. 74 
45. 74 
32. 85 
40. 45 
45. 73 
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The results from the author ' s  study are plotted in Figure I II. 
T�e su�face tension results plotted versus the mole fraction of di­
oxane show a fairly smooth curve except at the mole fraction dioxane 
0. 20-0. 15 region and at mole fraction dioxane 0.99. On the same 
graph, the straight line drawn from the surface tension of pure di­
oxane to the surface tension of pure water represents the additive 
surface tension of dioxane-water mixtures , that is, what the value of 
surface tension would be if no interaction took place between the di­
oxane and the water. As may be observed from Figure I I I ,  the maximum 
deviation of the actual surface tension from the additive surface ten� 
sion occurs in the region around mole fraction dioxane 0. 20, an obser-• 
vation which shall be covered in the Discussion section .of this paper. 
I 
At mole fraction dioxane 0. 99 another very slight interruption 
of the smooth curve occurs. It was this dip that caused the author to 
investigate the structure of pure dioxane. Schott (9)' , in 19 61, re­
ported a maximum in molar refraction of dioxane-water mixtures at mole 
fraction dioxane 0. 85. He ascribed this maximum to the dissociation 
of water aggregates on mixing with an excess of dioxane. The possi­
bility was then raised by the author that the minimum in surface 
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Figure III. Surface Tension of dioxane-water mixtJres 
plotted as a function of the mole fraction of d ioxane. 
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i 
75 
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tension at mo le  fraction 0 . 99 could possibly be due to dissociation of 
dioxane aggregates upon mixing with water. Experimentation was then 
devised to test the hypothesis - of formation of dioxane aggregates. 
In an attempt to elucidate the meaning of the minimum in sur­
face tension at mole fraction dioxane 0.99 , the same region was inves­
tigated with the aid of density measurements. This in�estigation was 
carried out in the r�gion of mole fraction 1.0-0.97 expressly for the 
purpose of determining if the behavior of the surface tension in this 
region was paral leled by the behavior of density. 
Table 5. Comparison of Surface Tension and Density in the Mo le 
Fraction .Di oxane 1.0-0.97 Region 
Mo le Fraction Dioxane 
1.00 
0.99 
0.98 
0.97 
Surface Tension(Dynes/Cm.) 
33.10 
32.82 
33.04 
33.05 
Density(Gm./Ml.)  
1.028 12 
1.028 17 
1.02826 
1.02833 
· The minimum in surface tension at mo le fraction dioxane 0. 99 
wa s not dup l i cated by the den s ity  study .  The impl i c ations  of th i s  
phenomenon wil l  be examined in the Discussion. 
Infrared Investigation of Dioxane-Water System 
An infrared adsorption study of the dioxane-water system was 
undertaken in an attempt to . make a correlation with the results of . 
the surface tension study. It was also envisioned that the resu lts of 
the infrared study would give usable data for the dioxane-dioxane in­
teraction hypothesis, but it was later discovered that the infrared 
I 
I 
� -
results give ambiguous evi d ence in the case of dioxan�-dioxane assoc · �  1 I . I i 
ation. 
l 
A series of 41 dioxane-water mixtures was consicier�d adequate 
to completely cover the range of concentrations. For eacn of the 41 
. I mixtures, the wavelengths of  each of the maj or peaks w�re tabulated so 
that · any shift in the peaks occurring when water concentration was in­
creased could be det�cted . The infrared results are giv1en �n Table 6. 
The peak position is given in microns, since finding all ! the peaks on 
the chart in terms of the more conventional reciprocal centimeters be-
' I I co�es a monumental task for such a large number of spectra. 
• I 
There was one factor which undermined the validity of the 1m-
l 
frared study. This factor was the lack of a tempera½ure control 
device for the sample holder cell. It was realized bJfore the s�udy 
I 
was begun that the temperature would be a factor, so each sampl� was 
I . I I l I 
allowed to equilibrate to room temperature before its1 �bectrum �as 
made, thus bringing about a rough uniformity in temperature
1 
from one 
sample to the next. The actual effects due to temperaturj variation 
are un�nown. 
j 
. I 
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Table 6. Wavelengths in Microns of the Maj or Peaks for 
Dioxane-Water Mixtures 
Mole Fraction H ... 0-H C-,H C-H C-0 
Dioxane Water Stretch Bend Stretch 
1.0 3.57 8 � 025 8.975 
0.99 2.83 3. 57 . 8.03 8.97 
0.98 2.85 3.57 8.03 8.98 
0.97 2.85 3.57 8.02 8.975 
0.96 2.855 3.57 8.025 8.98 
0 .95 2.86 3.57 8.03 8.98 
0.94 2.87 3.57 8.025 8.975 
0.93 2.87 3.57 8.025 8 � 98  
0.92 2.89 3. 57 8.025 8.98 
0.9 1 2.9 1 3.565 8.02 8.98 
0.90 2.89 3.565 8.02 8.975 
0.86 2.89 3.57 8.02 8.98 
0.85 2.90 3.57 8.02 8.98 
0.84 2.90 3.57 8.025 8.985 
0.80 2.90 3.565 8.0 15 8.98 
0.75 2.905 3.565 8.02 8.98 
0.667 2.9 15 3.565 8.0 15 B.985 
0.65 2.94 3.57 8.025 8.99 
0.60 2.95 3.56 8.02 8.985 
0.55 2.965 3.56 8.0 15 - 8 .985 
0.51 3.005 3.56 8.0 15 8.99 
0.50 3.0,05 3.56 8.02 8.99 
0.49 3.00 3.565 8.02 8.99 
0.45 3.03 3.57 8.025 9 .. 01 
0.40 3.03 3.56 8.02 9.005 
0 . 35 3.05 3.565 8.02 9.005 
0 . 333  3 . 045 3 . 56 8.0 1 5  9 . 005 
0.3175 - 3.055 3.56 8.015 9 . 005 
0.30 3.05 3.54 8.01 9.00 
0.26 3.08 3.55 8.015 9.01  
0.25 3.07 3.545 8.01 9.015 
0.24 3.075 3.545 8.01 (9.0 1) 
0.21 3.08 3.545 8.005 9.01 
0.20 3.09 3.545 8.0 1  9.0 1 
0 .19 (3.11) (3.54) 8.0 1  9.01  
0.167 3.11 3.54 (8.00 ) 9.01  
0. 1529 3.11 3.54 9.01 
0.143 3.11 3.54 8.00 9.01 
0 .10 3.11 3·. 54 8.00 9.01 
0.05 3.11 3.54 8.00 9.0 1 
0.00 3.11 ----
Di rection of negative positive positive n�gative 
Wave number 
� cm-1  � Shift 
D ISCUSSION 
Surface Tension Studies in General 
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Before discussing specifically the behavior of su�face tension 
at mole fractions dioxane 0. 99 and 0. 20, it would be helpful to make a 
few general comments about the concept of surface tension. 
One can assume that the surface tension will be a sensitive in­
dicator to intermolecular interactions since intermolecular ·interac­
tions provide the basis for the very existence of surface tsnsion. 
Indeed surface tension does arise from the fact that molecules on the 
surface of a liquid are not subject to as much force from surrounding 
molecules of the liquid as are those molecules deep in the bulk of the 
liquid. " Inte_rmolecular interaction" is used here in a general sense, 
that i s, it  re fers not to an individua l  intera ction between a mo l e cu l e  
of solute A and a molecule of solvent B, an A-B interaction, but rather 
refers to the interaction of a molecule of A with an atmosphere of B 
molecules . Therefore the net interaction between. A a;1d B depends not 
only upon the strength of the individual A-B interactio�s, but also 
upon the number (time average) of A-B int�ractions which are possible. 
The A-B interactions are intimately involved with any configurational 
structure which might exist within B itself, that is, A-B interactions 
would be expected to be dependent on B-B interactions, both of which 
will be temperature dependent. If one so desires , in some cases at 
least, he can think of A and B combining in several so called "com­
plexes", ABn, which, in almost all cases, will be very weak complexes 
I 
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and may have � highly temperature dependent stability. 
One must keep in m ind when speaking of these so-Galled "com 
plexes" that one c_annot as soci-ate maxima or minir:na in surface tension 
versus concentration curves with true compound formation . These , · 
I 
maxima or minima, when they do occur, are often quite depen�ent upon 
temperature, and often do not correspond to any rea·sonable whole num­
ber ratio. _Surface. tension depends upon too many variables for one to 
exp,ct such a gener�l assumption to hold . 
The thoughts in the pieceding paragraphs can be substdntiated 
by the following general observations gathered from surface tension 
studies: 
Fiist, it is found in general that the surface tensions of pure 
substances 1 are in the same order as are their heats of vaporization. 
Secondly, it can generally be said that if �he vapor /pressure 
of a binary solution is ideal (follows the linear or additive rule), 
then the surface tension will be linear (or additive). On the other 
hand, when the vapor pressure of a solution 
valu�, the surface tension is almost always 
. 1 I 1s  ess 
higher·, 
than the additive 
I I 
and vice versa. 
I 
Furthermore, surface tension values are above the additivf values 
whenever the value of the heat of mixing is large. 
! Additionally, aqueous solutions of electrolytes tend l to have 
I I 
sli.ghtly higher surface tension values than p�re water, '1ith the in-
crease essentially linear at low concentrations. The Gibbs[ adsorption 
equation predicts that there will be a deficiency of  sdlute mol ecules 
in the surface (negative surface excess of solute) and so 
I 
" 
I 
j ;  
I 
I I 
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Langmuir (35) assumes a top layer of pure water molecules • . Thus elec­
trolytes are considered to be "surface inactive"·. The following ex­
planation is offered .for this ·"surface inactive" behavior. 
The deciding factor , as it always must be , is the lowering· of 
the free energy of the system as a whole. The ion-dipole i�teraction , 
being so strong , will predominate over the dipole-dipole and other 
possible weaker inteTactions which exist between molecules of the sol­
vent. Thus the free energy will be at a minimum when maximum use is 
made of the ion-dipole effects. Maximum use of ion-dipole effects will 
in turn dictate that the ions of solute go into the interior where 
they can be completely surrounded by solvent molecules. As the solute 
concentration increases, and while still at very small values , one can 
expect some of_ the surface_ water molecules to be influenced. If these 
surface water molecules are not actually include� in the ion-dipole 
"spheres of interaction", they will at least experien�e an induced 
dipole effect , which in any case will increase the force by which the 
surface molecules are attracted towards the interior and will hence 
raise the surface tension. 
In contrast to the behavior of ele�trolytes in water , aqueous 
solutions of non-electrolytes usually have lower surface tension 
values than pure water. These non-electrolytes are called "surface 
activ� "  and tend to have a higher concentration in the surface (posi­
tive surface excess of solute) than in the interior , as predicted by 
the Gibbs equation. For non-ele�trolytes the surface activity usually 
increases as the solubility decreases since dipole effects become much 
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less pronounced. 
The . exceptions to the "normal" behavior of "surface active" and 
"surface inactive". solutes -can · be quite illuminating. Very few sys­
tems show significant increase in surface tension values �pon addi� 
tion of solute ,. but one which does is the sulfuric acid-water system. 
The maximum in surface tension versus composition occurs at mole frac­
tion water 0. 80, corresponding to a sulfuric acid-water molecular 
ratio of 1:4 at 50° . c. , and shifts to about mole fraction water 0 . 85, 
corresponding to a sulfuric acid-water molecular ratio of i : 6, at 
10° C. The sulfate is known to be hydrated extensively in water and 
the tetrahydrate is a very stable hydrate. One can assume that the 
hexabydrate gains importance, at least on the surface, at the lower 
temperature. 
Another "unusual" behavior is that of sucrose, a non­
electrolyte, which behaves like a "surface inactive" electrolyte, con­
trary to the usual "surface active" behavior of non-electrolytes. 
Here again , it is known that sucrose undergoes strong interaction with 
the solvent, thus foll.owing the principles of strong int�raction set 
forth earlier .in this discussion . . Sucrose does not, however, e_xhibit 
the Jones-Ray effect ( 36) discussed in the following section . . 
Jones-Ray Effect in Dioxane-Water 
The Jones-Ray effect is the minimum exhibited by very dilute 
solutions of electrolytes ·where the surface tension of the very - dilute 
solution is less than the surface tension of the pure water . . Attempts 
35 
have been made to discard this effect as being due to impurities. 
While this explanation has been successful in th� case of some colloi­
dal systems (33), it cannot be· accep��d as the general case. Like� 
wise, the attempts to explain it as a purely capillary ri�e error ha�e 
been repudi?ted ( 33). It is the opinion of this author that an effect 
similar to the Jones-Ray effect is responsible for the abnormal behav­
ior in the surface tension of dioxane-water mixtures in the vicinity 
of mole fraction dioxane 0. 99. This behavior is not very common in 
non-electrolyte systems, but the minimum in acetic acid-benzene mix­
tur�s might very well be a similar effect occurring at much higher 
concentration. Additionally, this effect may have been missed for 
many liquid-liquid systems because surface tension determinations are 
not generally made in detail in this �egion. Dole (37) gives a hy­
drated anion explanation for the Jones-Ray effect, and the application 
of Dole's theory will be discussed for the case of the dioxane-water 
system. 
Dole assumes "active" groups of water molecules on the surface 
of pure water, with protons oriented towards the interidr of the 
water. These "active" groups of water protons (Dole esti�ates four 
"active" groups for every 100, 000 water molecules) interact with 
anions of electrolytes added to the water and hold these anions on the 
surface. Cations from the electrolyte are not accepted into the nor­
mal arrangement of the water molecules in the interior so are adsorbed 
in the surface along with the anions , maintaining electrical neutral­
ity in the surface. The effect on the surface tension of the solution 
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is a decrease because the surface molecules interact strongly with the 
anions at the "active" groups, thus decreasing the interactions of the 
active groups with adj acent wat�r molecules. 
Eventually , when "active" groups are saturated with anions, . the 
positive adsorption of the anions in the surface ceases, a leveling 
off in the decrease in surface tension is observed, and ions begin to 
be adsorbed normally in the liquid interior. Ions are adsorbed in the 
interior through ion-dipole interaction�. These resulting ion-water 
aggregates which happen to be near the surface then exert a strong 
attraction on the non-active water molecul�s on the surface, and in­
crease the surface tension. 
Dole gives a general equation for predicting the variation of 
surface tension with change of concentration of water solutions of 
various solutes at very low concentrations. This equation· is as fol­
lows: 
where 
y _  1 + RTk(U + V+)  c _ aR1lU + V+ I lh [i + c Uk ]- . -- -
'Y._ � � ae W-/RT 
o O . 
lo'= surface tension of pure water. , 
Y= surfac� tension of the solution. 
R = universal gas constant. 
k = t/1000 � thickness of the surface adsorption 
layer in centimeters/1000. ( assumed to 
be constant over i narrow concentration 
range) . 
u = number of negative ions one molecule of the solute 
dissociates into. 
u = + 
C = 
number of positive ions one molecule of the solute 
dissociates into. 
concentration of the solute in moles/liter. 
a = number of "active'• ·groups in units of moles/square 
centimeter. 
W_ = the adsorption potential, that is, the potential 
difference required to bring a mole of anions from 
the interior to the surface. 
( a )  
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Equation (a) is found to hold for solutions of electrolytes in 
water and is also found to be a function of the anion of ihe partic-
ular electrolytes used, but not a function of the cation of the elec­
trolyte used. 
For solutions of 
y 
non-electrolytes, equation (a) reduces to: 
l + RTk c _ aRT ln [l + ck · ] 
'1/_ 'Y_ ae W/RT · . 
0 0 
,( b )  
Equation (b) is found to h6ld experimentally at 16w concentrations. In 
the case of sucrose, W is positive and very large and (b) reduces t�: 
y = l + RTk c ( c ) 
t Ya 
In the case of solutions of fatty acids in water, the whole surface 
can adsorb molecules of solute, � is large, and therefore equation 
(b) reduces to: 
( d ) 
Both equations (c) and (d) are valid for solutions of sucrose and 
fatty acids, respectively, so equation (b) is considered to be a va lid 
general equation. 
Due to the generality of equation (b), it is· believed that a 
treatment similar to Dole's will be applicable to the dioxane-water 
system. 
The dioxane-water system shows a minimum in surface tension at 
mole fraction dioxane 0. 99, similar to the Jones-Ray effect except 
that dioxane must now be 9onsidered- as the solvent and water as the 
solute, in contrast to the situation in Dole's discussion where water 
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was the solvent and an electrolyte was the solute. 
-In pure dioxane one can envision "active" groups of dio'xane 
molecules on the surface where &everal �djoining dioxane molecules are 
oriented with their oxygen atoms pointing towards the interior of the 
liquid. 
These "active" groups will attract the first few water mole- . 
cules added to a given, sample of pure dioxane, rather than the water 
molecules going to th� interior of the liquid where they will disturb 
the normal arrangement of dioxane molecules. Surface · tension will de­
crease because the "active" dioxane groups in the surface will inter­
act strongly with the adsorbed water molecules and interact less with 
adjacent dioxane molecules. 
When the "active" groups are saturated with water molecules, 
t�e water molecules will go to the interior of the liquid and partici­
pate there in dipole-induced dipole interactions with dioxane mole­
cules. The dioxane-water aggregates near the surface will then inter-. 
act with non-active dioxane molecules in the surface and thereby 
increase surface tensibn for mixtures of dioxane and w�ter with water 
composition slightly greater than mole fraction dioxane 0. 99. 
Since surface tension determination of dioxane-water mixtures 
was not made in sufficient detail in the Jones�Ray region , a check on 
the applicability of Dole ' s  explanation to the dioxane-water system 
will not be possible until such a detailed study is made. It would be 
expected that Dole ' s  equation (b) .should hold for the case of dioxane­
water. 
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In the case of dioxane solutions of water, W is the adsorption 
potential of water molecules per mole . In this case W is small and 
positive. Therefore, one does not lose the logarithmic term in equa­
tion (b) as happened in the case of sucrose, where equation _(b) re- · 
duces to equation (c). Proof of this hypothesized adherence of the 
dioxane-water system to equation (b) will not b� possible until a more 
�etailed study is made ,in the mole fraction dioxane 0. 99 region. 
Dioxane-water solutions at very dilute water concentrations 
would be expected to follow equation (b) with some of the ch�racter of 
sucrose, that is, non-electrolyte with positive W, but yet showing the 
Jones-Ray effect and having a positive W that is not so large that the 
term containing W can be dropped. Dioxane-water solutions should also 
show some of the character of fatty acid solutions , that is, � is 
large, but not so large that the term RTkc is  so small in comparison 
y to the term containing � that it can be dropped. 
Maximum In Surface Tension at Mole Fraction Dioxane 0. 20 
The slight maximum at mole fraction dioxane 0 � 20 ;  on the other 
hand, cannot be treated in the same way as can the behavior at mole 
fraction dioxane 0. 99. The maxim�m at 0. 20 occurs at a dioxane�water 
molecular ratio of 1 : 4. The significance of this maximum is quite 
difficult to assess. I:Xie to the great variation of liquid structure 
with experimental variables, no definite conclusions can be drawn on 
the sub ject of just what intermolecular interactions do occur in the 
dioxane-water system. 
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Referring to Figure III ,  it is found that the maximum deviation 
of actual surface tension from additive surface tension occurs in the 
vicinity of mole fraction dioxanB 0. 20 . Other surface tension stud­
ies have shown a maximum deviation from additivity at the same mole. 
fr'action dioxane . In 1936, Hovorka, Schaeffer, and Dreisbach (34) 
measured the surface tension of 10 dioxane-water mixtures by the cap­
illary rise method. When their values of surface tension are plotted 
versus the mole 'fract�on of dioxane, the maximum deviation of the 
smooth curve from additivity of surface tension is found in the vicin­
ity of mole fraction dioxane 0. 20 .  Plottin9 the values of surface 
tension from another study ( 29 ) versus mole fraction dioxane gives 
s�milar behavior , that is, maximum deviation from additivity occurs at 
mole fraction dioxane 0. 20. 
However, in this study, as the water concentration is increased 
beyond mole fraction dioxane 0. 20, a slight maximum in the actual 
surface tension versus concentration curve is observed. This . slight 
max imum i s  greatest at  mole fraction dioxane 0 . 19 .  
This abnormality could possibly be explained by a· Dole-type 
discussion given for the minimum at mole fraction dioxane 0. 99, al­
though once again the situation is much more complex than at 0 �99 be­
cause of the great number of individual species possible at 0. 20. 
It may be that the abnormal behavior in the vicinity of mol� 
fraction dioxane 0. 20 indicates a ·limit on the extent of interaction 
that dioxane and water can have at 25° C. This is not to say that a 
"compound" of dioxane and water forms at this· concentration, but 
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rather that the predominant interaction of dioxane and water at this 
concentration and temperature appears to be in a dioxane-water molec­
ular ratio of 1:4. 
The hypothesis of strongest interaction of water with_ dioxane 
at mole fraction dioxane 0 . 20 is supported by other experimental work . 
Most notably , other surface tension studies (29, 34) show maximum devi­
ation from additivity at the same point , as has been mentioned above. 
Neither of these two previdus studies shows the abnormal behavior in 
the range of mole fraction dioxane 0. 17-0. 20 or at mole fraction di­
oxane 0 . 99 ,  but this may be because not enough mixtures were tested in 
these ranges. 
Other support , though not as conclusive , comes from the data in 
Table 6. In Table 6 ,  the wa�elength$ in microns of the major peaks in 
the dioxane-water spectrum were tabulated as a function of mole frac­
tion dioxane. Then the column corresponding to each of the maj or 
peaks was examined and that point which appeared to be_ an inflection 
point in the wavelength was noted by enclosing the wavelength in pa-
rentheses. This was done for each of the maj or peak� i� the dioxane-
water spectrum and the check points were compared. A correlation of 
the parenthesized wavelengths does indicate an overall inflection 
roughly in the vicinity of mole fraction dioxane 0. 20. The cessation 
in wavelength shift with water concentrations greater than mole frac­
tion dioxane 0. 20 indicates that the local environment around a· di­
oxane molecule changes little after mole fraction dioxane 0. 20 is 
reached from the pure dioxane side. 
Other experimentation has also shown abnormal behavior in the 
vicinity of mole fraction dioxane 0.20. Cennamo and Tartagilone (38) 
found an inflection _point at mole fr�ction dioxane 0 . 20 �hen the X-ray 
diffraction angle versus mole fraction dioxane was plotted. 
Feodos ' ev (2) in  1954 measured heat of mixing of 10 dioxane­
water mixtures and found a minimum in the mole fraction dioxane versus 
heat of mixing plot. This minimum occurred at a dioxane-water ratio 
of 1:4. If Feodos'ev. had carried out his study with a larger number 
of mixtures in the mole fraction dioxane 0. 20 region, it might be ex­
pected that the same abnormal behavior that was observed for su�face 
te�sion in that region would be duplicated by the behavior of heat of 
mixing in that same region, that is, of course, if the abnormal behav­
ior is due purely to some property change of the bulk solution and not 
just to some process specifically linked to the surface . 
Frontas'ev (4) in 1955 observed abnormal behavior in the molar 
refraction of dioxane-water mixtures at a dioxane-water ratio of 1:4. 
Typsin and Trifonov (8) in 19 58 plotted isotherms of density, 
viscosity, and temperature coefficients of viscosity versus composi­
tion of dioxane-water mixtures and found behavior which led them to 
predict a dioxane-water "complex" in the 1:4 ratio. 
As an examination of Table 1 will show, there has been much ev­
idence in favor of oth�r dioxane-water interaction ratios, notably 1:2 
and 1:6, and this evidence may well be justified because liquid struc­
ture can be considered to be a function of many vari ables. 
D.Je to the complexity involved when one speaks of the structure 
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of a system of two liquids, it is difficult to say with certainty that 
the 1:4 ratio is the only association due to strong interactions pres­
ent. It is more nearly correct to say that dioxane and water strongly 
interact in a predominantly 1: 4 ratio at 25° C. Such a statement does 
not exclude the possibility of other associations being _present at the 
same time. To make the statement that the results of this study defi­
_ni tel y "prove" that dibxane and water "associate" only in a 1 :  4 ratio 
would certainly be treading on uncertain ground. It may be stated , 
though, that there was considerable evidence brought out by this study 
that dioxane and water show a strong interaction at a moleculqr ratio 
of 1 : 4. 
Infrared Investigations 
The third section of this study must necessarily be concerned 
with the structure of pure dioxane. Although the infrared results 
deal mostly with spectra of dioxane-water mixtures, these infrared re� 
sults for the mixtures must be interpreted in terms o f  what changes in  
the pure substances occur when the pure substances are mixed together 
to form the mixtures. Figure I shows the postulated dioxane-dioxane 
interaction structure of pure dioxane. The figure is pictured ·in such 
a way as to satisfy the directional characteristics of the molecular 
orbitals of the dioxane oxygen atoms. 
The results of the infrared investigation show that the C-H 
stret6hing frequencies of dioxane occurred in the wave number region 
of 2850-2500 cm-1. For most hydrocarbons the C-H stretching 
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I 
frequencte � occur at a somewhat higher wave number. This essentiallYi 
I 
indicates that the C-H bond in dioxane is weaker t'han the C-H bond in 
most hydrocarbons . .Whether this• C-H bond is weaker because of an in-
I I I duction effect caused by the dioxane oxygen atoms or because ! of a 
strong interaction between dioxane molecules causing weakening of the 
I • 
C-H bond is not known, but the fact remains that one can consider a 
I 
weaker C-H bond providing a more acidic hydrogen than is generally ex-
pected for a hydrocarbon. 
It is the indication of a slightly acidic hydrogen that gives 
basis to the prediction of a strong interaction with that hydrogen to 
the oxygen atom at one end of a second dioxane molecule (see Figure II) . . 
Further substantiation of strong dioxane-dioxa7
1
J intefaction 
I 
comes from the opserved shift of the C-H stretching frequencies with 
increasing water concentration, first shown by Fratiello and Luongo 
(28) a�d duplicated by this author. I A positive shift in the wave num-
ber of the C-H stretching frequencies is observed, indicating a 
I • 
strengthening of the C-H bond as water is added. Thi' bt�engthening 
I
· 
can be the result of two interrelated effects. First, . water mol�cules 
interacting with the oxygen atoms of the dioxane molecule would be ex-
I 
l pected to weaken the C-0 bond in the dioxane molecule. ' A weakening of 
, I 
the C-0 bond would initiate a strengthening of the C-� bond. Sec-
I I 
ondly , the free dioxane oxygen atoms shown in Figure II inter�ct with 
I 
water molecules as water is added to dioxane. Thi s  int1eraction would 
be expected to lessen the acidity -of the axial hydrogens �articipatinf 
in a strong interaction with another dioxane molecule. As the acidity 
f 
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is lessened an electron of the axial hydrogen atom will spend more of 
its tim� bonding with the carbon atom of its own dioxane molecules and 
less of its time with the oxygen· atom of the dioxane molecule with 
which it is interacting. Therefore, the C-H bond will be strengthened 
and the strong interaction between dioxane molecu'les will be weakened. 
By now, the ambiguity of the situation s�ould become evident. 
Both of the mechanisms, suggested for the explanation of the strengthen­
ing of the C-H bond are compatible with the infrared data showing that 
the C-H stretching frequencies are shifted positively; but the first 
mechanism says nothing of dioxane-dioxane interaction, and the second 
mechanism has -dioxane-dioxane interaction as an inherent assumption. 
In summary, the infrared data cannot distinguish between the two mech� 
anisms. However, the d ioxane-dioxane interaction mechanism is sup­
ported by further evidence. 
This further evidence comes from a comparison of the physical 
prope�ties of dioxane and cyclohexane, two different molecules of the · 
s ame genera l structure except that dioxane ha s its two oxygen atoms at 
each end of the six-membered ring and cyclohexane has no oxygen on its 
srx-membered ring. Tetrahydropyran is intermediate between dioxane 
and cyclohexane in the sense that it is a six-membered ring with one 
oxygen in it, whereas dioxane and cyclohexane rings contain, respec­
tively, two and no oxygen atoms. Since it was postulated 'that the 
strong interaction entered into by the oxygen atoms of dioxane caused 
the difference in physical properties of dioxane and cyclohexane, one 
would expect to find the physical properties of tetrahydropyran in a 
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position intermediate between the physic�l properties of dioxane and 
cyclohexane . Table 7 compares the known physical properties that can 
be affected by strong intermolecular_ ' interactions in dioxane , tetra­
hydropyran , and cyclohexane. 
Table 7 .  A Comparison of the Physical Properties of Dioxane, 
Tetrahydropyran, and Cyclohexane 
Property Cyclohexane Tetrahydropyran Dioxane 
Molecular 
Weight (29) 84. 16 86. 20 88. 10 
Molar Volume-
(milliliters)(39) : 108. 74 98  86 
Density (gm/ml) 
(29) 0. 7791 0 .8540 1. 028 12 
·Boiling Point 
( oc. ) ' ( 30, 29 , 80. 75, 8 1. 4  86, 85. 5  101. 5 
40 1 41 1 29 l 
If strong i
r
iteraction does indeed take place on the oxygen atom 
of dioxane with a hydrogen atom of another dioxane molecule, the data 
above would present a strong case in favor of dioxane-dioxane interac­
tion. 
Admittedly t any strong interaction . between dioxane molecules 
must not be anywhere near the strength of water-water hydrogen .bonds , 
but it is nevertheless strong enough to increase the boiling point, 
for example, of dioxane by about 25 percent over that of cyclohexane. 
• 
CONCLUSION 
The results of this study have not specifically answered any 
one question, but rather have emphasized old- questions and presented 
new ones. 
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It has been believed for some time that dioxane and water ·do 
interact with each other, a conclusion most notably pointed out by 
spectrometric studies . An error in thinking of the interaction be­
tween dioxane and water, however, has been that dioxane and - water in­
teract to form a compound. It should be emphasized that no real 
compound formation does occur in dioxane-water mixtures, but rather 
that an atmosphere of dioxane molecules strongly interacts with an at­
mosphere of water molecules. 
In this study it was found that at 25° C. the predominant 
strong interaction of dioxa�e molecules with water molecules is in a 
dioxane-water molecular ratio of 1:4. The strong interaction in the 
case of dioxane-water is probably a dipole-induced dipole type inter­
action. As has been m�ntioned previously, the ratio in which dioxane 
and water interact is subject to many variables, probably explaining 
why so many molecular ratios have been re�orted. 
The significance of the abnormal behavior in the surface ten­
sion versus composition plot -at mole fraction dioxane 0. 20 is not 
clear · at this time � . It would be advantageous to be able to explain 
the behavior at 0. 20 in an unambiguous way , but at 0. 20 the liquid 
structure becomes so complex that a detailed treatment of the behavior 
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becomes very difficult. Therefore, detailed treatment of the behavior 
at 0.20 must wait until more data are available and until more power­
ful methods of analy�is have been de❖ised. 
The minimum in surface tension versus composition at _ mole frac­
tion dioxane 0. 99 appears to be a valid example of the Jones-Ray effect 
and can be explained by the Dole method in a manner similar to Dole ' s  
treatment of the Jones�Ray effect for solutions of electrolytes in 
water. 
Evidence points towards the possibility of strong dioxane­
dioxane interactions, a possibility previously ignored. The evidence 
for strong dioxane-dioxane interaction can be divided into two 
classes: spectrophotometric and measurement of physical _ parameters. 
The spectrophotometric evidence is of limited value because there is 
usually an element of ambiguity which one must deal with in making 
conclusions. The measurement of physical parameters, however, seems 
to clearly indicate that dioxane-dioxane interaction is possible. One­
must have some means  o f  justi fying the large percentage di fference i n  
the physical properties of cyclohexane and dioxane, and 1nj ecting the 
possibility of dioxane-dioxane intera�tion is a means of justification. 
A final point is that much quantitative work remains to �e done·, 
especially on a quantitative application of the Jones-Ray effect to 
the dioxane-water system. Before the application can be made quanti­
tative, a much more detailed study will  have to be made in the mole 
fraction dioxane 0.99 region. 
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